A concept for an optomechanical derotator is presented. The derotator allows optical measurements of rotating objects during operation. To guarantee a stationary optical image, the optical axis of the derotator needs to be coaxially aligned to the rotational axis of the measured object. The correlation between the movement of the optical image and a miscalibration is explained by a mathematical model. The movement of the optical image is tracked with a high-speed camera. Approximating the tracked path as a Limacon of Pascal, a parameter corresponding to the magnitude of the miscalibration is identified. This parameter is minimized by modifying the position and the orientation of the derotator with a hexapod. The limitations of this procedure are analyzed and further approaches are discussed.
Introduction
To investigate rotating objects during operation, noncontact measurement methods are increasingly preferred because they do not affect the physical properties of the measured objects. Industrial image processing, infrared measurement technology, as well as the laser Doppler vibrometry are the examples for such noncontact measurement methods. All coordinate systems of those methods are usually located in the stationary laboratory coordinate system. Using an optomechanical derotator, a transformation into the rotating coordinate system of the measured object can be achieved. Reference 1, for example, investigates the slip in rolling bearings using a derotator based on a rotating dove prism. The investigations are supplemented by measurements with a laser Doppler vibrometer at a cut-off wheel. This approach is also taken by Refs. 2 and 3 and used for the identification of the vibrational modes of a saw blade. Using a derotator with a dove prism, typical artifacts occur resulting from the use of lenses. Reference 4 discusses these problems in detail and presents a new concept for a derotator as explained in the following section. Using such a derotator, Ref. 5 makes vibration tests on a model of a blisk, identifying the effects of phenomena such as centrifugal stiffening of the blade.
Experimental Equipment
The effect of derotation occurs with a rotating mirror assembly, which consists of a metallic reflector prism and an eccentrically positioned reflector, as shown in Fig. 1 . For an accurate derotation, it is necessary that the reflectors rotate with half of the speed of the measured object. To achieve this condition, the reflector assembly is mounted in a specially built, high-performance hollow shaft motor. The motor is characterized by its high dynamic behavior and a maximum speed of 12,000 rpm. Thus, objects can rotate up to 24,000 rpm. Figure 2 shows the whole experimental setup. All components are monitored and controlled by a real-time system. Some of the control loops are outsourced to external controllers. Our current work aims at identifying and controlling the drivetrain components of the subsystem consisting of the derotator and controller II. During speed changes, the influence of nonlinear effects such as friction cannot be neglected. Linear control concepts do not provide the necessary speed coupling.
Another basic requirement for an accurate derotation is the position of the rotational axis of the measured object related to the position of the optical axis of the reflector system. If the two axes are not coaxal, then prescise measuring is not possible due to a residual movement of the optical image. Hereinafter, this state is referred to as an imperfect calibration. To reduce the residual movement, the derotator is installed on a 6-axes parallel kinematics (Newport HXP1000, Irvine, California, minimum incremental motion translational ≤ 0.3 μm, rotational ≤ 1 μrad), enabling an accurate positioning process. 
A detailed derivation of this equation can be found in Refs. 7 and 8 consisting of simple coordinate transformations, the total beam path modeled with methods of the analytic geometry, and a simplified camera model with a socalled thin lens. If the optical axis of the derotator is coaxially aligned to the rotational axis of the measured object, then the terms II and III are omitted. The optical image is dependent on the distance to the object center r and the phase shift between the object and the derotator. If the two axes are not coaxially aligned to each other, then term II describes a circular movement in the image plane. Depending on the rotational angle δðtÞ, this motion is carried out by all points on the measured object at the same time. The intensity is determined by the offset d x , d y between the rotational axis of the object and the optical axis of the derotator. Considering small angles, Ref. 8 has shown that the tiltings can be expressed by parallel shifts. The associated problems are discussed below. In the case of coaxially aligned axes, an error in the reflector adjustment is modeled by term III. The error is given by the deviation d f from the optimum distance between the metallic reflector prism and the excentrically mounted reflector. Additionally, this case results in a circular movement of the image depending on the rotational angle. The real system has an error in the reflector adjustment (term III) and an imperfect calibration (term II). For the following step, some trigonometric transformations and the substitution ðδ − γÞ ¼ ½φ þ ðπ∕2Þ are necessary. Assuming a parallel shift
with an absolute value d and an angle γ, it is possible to transform Eq. (1) to
and
Equations (3) and (4) describe a special case of a general conchoid called the Limacon of Pascal, as shown in Fig. 3 .
The following section explains the identification of the parameter 2d, which is a measure of the miscalibration.
Development of a Calibration Procedure
Reducing the work of image processing, a simple to be measured object, as shown in Fig. 4 , is analyzed. Problems occuring due to an incorrect rotational speed coupling can be neglected if the marker on the rotational axis of the measured object is considered. By using simple industrial image To analyze the movement of the marker, 360 pictures are taken with the high-speed camera (Mikrotron MC1362, Unterschleissheim, Germany, resolution 1280 × 1024 pixels, pixel size 14 μm, speed 506 frames∕s at full resolution using a Tamron lens 1: 3.975 mm ∅25.5) during one rotation of the derotator, the center of the marker is calculated, and the results are exemplarily shown in Fig. 5 .
To identify the extent of miscalibration, the measured data need to be approximated as a Limacon of Pascal. Prior to the resulting optimization problem, the point of origin of the curve is determined and the measured data are sorted. Thereby, the measured data are transformed into the coordinate system x 0 , y 0 (Fig. 3) . For the subsequent identification of the parameters, the particle swarm algorithm is used because it has been proven in various approximation problems of measurement data to be a robust and accurate method. Contrary to the recommendation in Ref. 10 , the direction of movement of an individual of the swarm is determined by the experience of the swarm with increasing iterations. Using a dashed line, the result of such an identification is illustrated in Fig. 5 . The extent of miscalibration is estimated at 2d ¼ 7.5 pixel, and the error of the reflector adjustment amounts to d f ¼ 2.1 pixel.
By adjusting the position of the derotator, it is possible to reduce the value of 2d. To solve this optimization problem, the simplex method developed by Nelder and Mead is chosen. 11 This method was used because the solution process corresponds to a movement through the generated solution space. This movement is associated with real motions of the parallel kinematics. A single simplex consists of four dimensions p ¼ ðx; y; α; βÞ. Motions of the parallel kinematics in the direction z and around the optical axis of the derotator (angle γ) are excluded, because they do not result in the calculated objective value. During the optimization, the hexapod automatically moves to different positions, 360 pictures are taken, and the extent of the miscalibration is calculated using the particle swarm algorithm. The decision as to which direction is chosen in the solution space is made with the help of the method of Nelder and Mead. In the following section, a calibration procedure is presented.
Implementation of the Calibration Procedure
For the verification of the calibration procedure, a measurement situation is assumed. The exact position of the measured object in the laboratory coordinate system is unkown. The derotator mounted on the parallel kinematics is roughly positioned in front of the measured object, wherein the hexapod is located at the origin of its coordinate system p ¼ ð0 mm; 0 mm; 0 deg; 0 degÞ. The movement of the optical image in this kind of situation can be seen in Fig. 7(a) . At this time, the parameter is 2d ¼ 211.5 pixels meaning that the miscalibration is very large. Activating the automatic calibration procedure, an initialization takes place, because for solving the four-dimensional optimization problem the Nelder-Mead algorithm needs five starting positions. The entire iteration process is shown in Fig. 6 .
After a couple of iterations, the parameter 2d ¼ 37.1 pixel is significantly reduced at iteration point 2, as shown in Fig. 7(b) . Iteration point 3 [ Fig. 7(c) ] illustrates the typical motion of the image, which has already been mentioned in the model. The amount of the internal motion resulting from the miscalibration can be further reduced (2d ¼ 7.5 pixel).
Reaching iteration point 4 [ Fig. 7(d) ], a new problem occurs. The approximation of the measured data as a Limacon of Pascal is no longer suitable. The amount of the miscalibration d x , d y in term II of Eq. (1) is reduced to such a level that the misalignment dominates and an elliptical motion ensues. Regarding the density of the dots in the upper range of the measured data (xPixel ¼ 742 − 746, yPixel ¼ 495 − 496), a residual internal image motion seems to be still present, but cannot be identified with this approach. The particle swarm algorithm needs to be extended by the possibility of approximating an ellipse. Reinitializing the calibration procedure, the objective values rise in Fig. 6 at iteration 25. On one hand, the increasing objective values depend on the reinitialization, and on the Fig. 8(b) ]. Due to the geometric conditions of the experimental setup, this corresponds to 1 mm. Focusing the homogeneous distribution of the measured data on the circumference in Fig. 8(a) , the elimination of the miscalibration becomes clear. The uniform distribution excludes the presence of a movement with a small diameter generated by a miscalibration, already discussed in Fig. 7(d) . Assessing the operational capability, a further calibration procedure with a different starting position is initiated. Figure 9 shows the corresponding convergence process with the calculated optimal position p ¼ ð16.147; −13.314; 0.521; −0.103Þ.
It is obvious that the calibration algorithm converges to another local minimum. Referring to Sec. 3, this can be explained by the convertability of tiltings into shifts assuming small angles, illustrated in Fig. 10 . Thus, the measurements validate the mathematical model.
In order to solve the problem, a two-step calibration would be possible. The calibration procedure explained above should be preceded by an identification of tiltings. For this purpose, the effect of perspective distortion could (10) be useful. Regarding the results of the two calibration processes, it is questionable whether the perspective distortion is sensitive enough to tiltings in the range of AE1 deg.
Within the scope of further experiments, the derotator stands still while the measured object shown in Fig. 4 rotates at a constant speed. This setup is used to identify the elliptical path of the eccentric markers and to investigate the impact of different derotator positions. The positions are summarized in Table 1 . An increase of the angle β is compensated by a shift in the negative x-direction. In each of these positions calculating the parameters a, b the elliptical path of the eccentric marker is approximated. The results are shown in Fig. 11 .
Regardless of the angle β at each position, the same ellipse is identified. Effects of perspective distortion are not visible. This raises the question whether it is possible to identify small tilts with a two-dimensional object. Subsequent investigations should deal with the usability of three-dimensional (3-D) calibration phantoms. Mounted on the rotational axis of the measured object, they could provide more information about the location of the derotator compared with the measured object.
Conclusions
An optomechanical derotator is presented in this article, which makes it possible to apply optical measurement methods to rotating objects during operation. A stationary optical image can only be achieved if the optical axis of the derotator is coaxially aligned to the rotational axis of the measured object. For the calibration procedure, a mathematical model of the optical image is developed. Based on this model, a miscalibration is associated with the motion of the optical image. The aim of the calibration is to minimize this motion iteratively. Implementing industrial image processing algorithms, the motion is tracked with a high-speed camera. The path is approximated as a Limacon of Pascal using the particle swarm algorithm. One of the identified parameters represents the miscalibration. This is minimized by the Nelder-Mead algorithm, wherein the position of the derotator is changed with a hexapod. The results of the two calibration processes are compared. The Nelder-Mead algorithm converges to different local minima, because it is not possible to distinguish between tilts and shifts for small angles. The attempt to identify tiltings by a perspective distortion fails. As a possible solution to the problem, the use of 3-D calibration phantoms is suggested. Fig. 11 Sensitivity of the parameters a, b approximating the elliptical path of the eccentric marker (averaged over three measurements). 
